Viewing a set of two thousand images in which the contrasts of a central and a surrounding pattern were highly correlated increased the suppressive influence of the surround on the perceived contrast of the central pattern. The apparent increase in inhibition supports the operation of an anti-Hebbian mechanism between the two groups of cells excited by the patterns (one group by the central pattern and the other by the surround). According to this mechanism, inhibitory connections between nearby cells increase in efficacy according to a simple function of the correlations between the cellsÕ activities.
Introduction
Neural activity is expensive (Laughlin, de Ruyter van Steveninck, & Anderson, 1998; Lennie, 2003) , so it is reasonable to expect that the brain employs techniques that allow an efficient use of this commodity (Laughlin & Sejnowski, 2003) . One possible technique is to reduce the redundancy in neural representations by ensuring that sensory neurons in the same functional group respond to unique features in the input i.e., to ensure that there is little overlap between the neuronsÕ receptive fields in the input space (Barlow, 1989 ,Simoncelli & Olshausen, 2001 ). This would manifest itself in uncorrelated responses of neuron pairs to naturalistic stimuli. Recent studies indicate that the activities of neighbouring neurons in V1 are indeed uncorrelated in response to naturalistic movies (Gallant & Vinje, 2000) . What mechanism does the brain employ for achieving uncorrelated responses? Barlow and Foldiak (1989) present a very simple scheme for achieving this automatically, regardless of the nature of the input. The output units of their decorrelating network are reciprocally interconnected. The connections are inhibitory so that the network is competitive in nature. Anti-Hebbian learning occurs on these connections. This means that if two units, a and b, tend to respond to the same inputs, the inhibitory connections between them are strengthened. As a result, competition between the two units becomes more aggressive. In future, if both units become activated by a given input, the more active unit will impose a strong suppressive influence on the other unit, perhaps even to the point of silencing it. Over time, the unitsÕ activities become more discriminatory as their response curves are forced into unique regions of the input space. Wilson (1975) had shown earlier that an anti-Hebbian model could account for much of the spatial frequency adaptation data then available. He points out that although anti-Hebbian learning occurs on the modelÕs feed-forward connections, an equivalent model can be produced where the learning is transferred to lateral connections.
Here, we present a novel psychophysical experiment which produced results supporting such an anti-Hebbian scheme. In this experiment, the suppressive influence of a surrounding grating on the perceived contrast of a central grating was increased by viewing a movie in which the contrasts of the centre/surround pair were highly correlated. Observers were potentially unaware of the correlations as their task during adaptation required no attention to the relationship between surrounding and centre. Assuming the movie produced strong correlations in the activities of the V1 cells responding to the surround and the neighbouring V1 cells responding to the centre, the apparent increase in inhibition between these two groups of cells supports implicit anti-Hebbian-like learning in human V1.
Method

Observers
Observers consisted of an emmetrope (uncorrected normal visual acuity) (MF) and a corrected myope (JB) who viewed the stimuli binocularly, and a strabismic amblyope (ED) who viewed the stimuli monocularly with his dominant eye. Observers adapted to a darkened room for 10 min before beginning the experiment.
Apparatus
Stimuli were displayed on a Sony Trinitron 17se II monitor (21.4 · 28.8 cm display area) from a viewing distance of 1.65 m. The luminance response of the monitor was linearized using a Cambridge Research System (Rochester, UK) Optical (Head #265) and associated software. The images were created and presented using a Cambridge Research SystemÕs VSG 2/5 graphics system and associated software (vsgDesktop installation 6.110) run within a MatLab (v. 6.5, Mathworks, Natick, MA) environment. ObserverÕs responses were collected using a computer mouse.
Stimulus
The elements used to create all of the images presented throughout the experiment are shown in their respective positions in Fig. 1 . Only the contrasts of the four grating elements varied during the experiment. Throughout the experiment, whenever some version of the image shown in the figure was not on display, the fixation point was displayed against the grey background. The luminance of the grey background was 51 cd/m 2 and the fixation point was 76 cd/m 2 .
The fixation point was in the centre of the 7.4°· 9.9°d isplay. The distance between the fixation point and the centre of each circular grating was 3.1°. The diameter of each inner circle was 1.5°. The diameters of the inner and outer edges of the surrounds were 1.9°and 3.7°, respectively. All gratings had a spatial frequency of 2 cycles/degree and were oriented vertically.
Procedure
The experiment was divided into three phases; a testing phase during which the perceived contrasts of two circular gratings-each surrounded by a high contrast annular grating-were compared; an adapting phase in which an interactive movie containing the correlations was presented; and a second testing phase in which the perceived contrasts of the circular gratings were again compared in the presence of the high contrast surrounds.
Testing phase 1 and 2
To determine the relative perceived contrasts of the two central gratings, the method of constant stimuli was used to concurrently collect data for two psychometric functions-one for the left and one for the right central grating-and then the two functions were compared. Both surround gratings were set to 100% contrast throughout both testing phases. A previous study using a similar set up showed that relatively high contrast surrounding gratings suppress the perceived contrast of the central grating when the pair appear in the periphery, even when the centre and surround gratings have quite different orientations and frequencies (Xing & Heeger, 2000) . The authors point out that a high contrast surround tends to suppress the perception of the centre, wherever the pair lie in the visual field. This is in line Fig. 1 . The image elements used throughout the three phases of the experiment. The contrasts of the four gratings are at 100% in the figure but they varied during the experiment. For all phases of the experiment, the observerÕs task was to indicate whether the left or right central grating was of higher contrast. We measured changes in the influences of the surrounds on this judgment.
with neurophysiological studies showing the suppressive influence of the surround on the firing rates of cells responding to the centre, beginning with Blakemore and Tobin (1972) . In this experiment, we tried to manipulate this suppressive influence.
For any given trial the reference central grating (either left or right) was set to 50% contrast, and the other was chosen from the following set of contrasts {25%, 32%, 40%, 50%, 63%, 79%, 100%}. This equates to a total of 14 conditions required to plot the left and right curves containing 7 points each. Each data point was based on 40 trials. Choosing which condition to run for any single trial involved a stochastic process that maximised the likelihood of an even spread of conditions throughout the testing phase. The probability of a certain condition being run was proportional to the number of trials left for that particular condition.
The image shown in Fig. 1 was displayed whilst observers prepared for the testing phase so that they knew what type of images to expect. When ready to begin, the observer pushed any button on a hand-held mouse which caused the screen to blank (to the fixation-point-on-background image as explained in the Stimulus section). After 250 ms an image appeared for 250 ms and then the screen went blank again whilst the computer awaited a response. The observersÕ task was to indicate which central grating-either the left or right-was of higher contrast. After detecting a response the next image was displayed for 250 ms after a 250 ms time lapse as just described. This was repeated until all 560 (i.e., 2 (left and right) · 7 (contrast levels) · 40 (repetitions)) trials were run.
The first testing phase was run within an hour prior to the adapting phase, and the final testing phase was run immediately following the adapting phase.
The adapting phase
Two thousand images like that depicted in Fig. 1 were presented via an interactive movie during the adapting phase which typically lasted about 20-25 min. The contrasts of all four gratings varied between images. These were determined prior to the movie in the following way. One set of 2000 uniformly distributed random log (base 10) contrasts which ranged between 1% and 100% contrast were generated. Four copies of this set were made. Together they represented the contrasts of the four image elements. The presentation orders were individually randomized for the uncorrelated centre and surround elements. To correlate the other pair of contrast sets they were both arranged into ascending order, then noise was added to the order of one of the sets by swapping the positions of randomly selected neighbouring pairs in that set until the correlation coefficient for the centre/surround pair fell to the desired level (0.9). On average, each element was swapped with one of its neighbour hundreds of times.
The presentation orders for the correlated sets were also randomized but in such a way that the pairings between respective elements in the two sets were maintained. This method ensured that the contrast levels and frequencies were identical for all image elements.
The centre/surround pair to be correlated-either the left or the right-was randomly selected at the beginning of each adaptation phase.
Perhaps surprisingly, the two naive observers (ED and JB) reported that they did not notice that the contrasts of one centre/surround pair were more correlated than the other. Note that we chose to correlate the log contrasts because V1 cell responses generally rise in proportion to the log contrast of the stimulus over a significant range of contrasts (e.g., Sclar, Maunsell, & Lennie, 1990) . Thus, correlating the log contrasts was thought most likely to produce correlations in the activities of the responding V1 cells. Preliminary experiments where the actual contrasts were correlated produced similar results to those presented here.
During the adapting phase observers were given a dummy task so as to increase attention to what was appearing on the screen. Note that during preliminary trials, we found that passive viewing of the adapting movie produced little-to-no adaptation for the naive observers. This was not investigated further as we were looking for a situation where adaptation did occur. The task was to indicate, via the left or right button on a mouse, which of the two central gratings was of higher contrast. This is the same task as that for the two testing phases. Importantly, the task did not require attention to the relationship between the central patterns and their surrounds. The task made the movie interactive as a new image was flashed only after an observerÕs response had been detected (after a 250 ms pause the image appears for 250 ms just as in the testing phases).
Results
During the pre-adaptation and post-adaptation testing phases, we determined how a 50% contrast reference grating on one side compares in perceived contrast to a grating of variable contrast on the other side. Data from trials in which the reference appeared on the left, and data from trials in which the reference appeared on the right were pooled separately. The following logistic function was fit to the data in each pool:
where PSE is the point of subjective equality and thresh determines the slope of the logistic function. These two functions over lap prior to adaptation for observer JB (see Fig. 2A ), indicating that a grating at 50% contrast (for example) on the left appears to be of the same contrast as a 50% contrast grating on the right. After adaptation though, the grating on the side where the correlations occurred during the movie appears consistently of lower contrast than a grating at the same contrast on the other side (Fig. 2B ). This indicates a relative increase in surround suppression on the correlated side. All three observers exhibited the same effect in response to the adapting phase. Fig. 3 shows the adaptation-induced changes in the physical contrast of a grating required to perceptually match the 50% contrast reference grating (PSE ± 95% confidence intervals) both when it appears on the correlated side and when it appears on the other side for all three observers. Observers are ordered in relation to the magnitude of change (greatest to least). This was calculated by adding the magnitudes of the percentage changes in the PSEs (which is equivalent to taking the percentage increase for the grating on the uncorrelated side and subtracting the percentage decrease-which has a negative sign-for the correlated grating). These are reported as percentages in the figure.
To test whether the PSE shifts were due to changes in the influences of the surrounds, and not to greater activity in the correlated centre-responsive cells 1 and thus greater adaptation for these cells during the adapting phase, observers were tested immediately following the second testing phase without the surrounds. Without the surrounds, the PSE shift effect of adaptation dissapeared for two of the observers (JB and MF) and was substantially smaller for the third observer (ED) with an effect size of 4.2% compared to 14.9% with the surrounds. Preliminary trials revealed that the PSE shift effect persists for about three hours post-adaptation when testing is performed with the surrounds. This indicates that the shift is primarily due to a change in the influence of the surrounds.
Discussion
For all observers, there was a significant increase in surround suppression on the side where the correlations occurred during the adapting phase, relative to changes in suppression on the other side. Absolute changes are confounded because observers were given a comparative task (''which grating is of higher contrast?''). All combinations of perceptual changes that could possibly lead to this relative increase (e.g., decrease in suppression on the uncorrelated side and no change on the correlated side) support a slightly modified version of BarlowÕs antiHebbian model (Barlow & Foldiak, 1989) . In this version, a constant decay term is added to the basic anti-Hebbian learning rule so that any strong inhibitory connections, u ij , between two units, y i and y j , that were once highly correlated but have become less so more recently, weaken with experience. The modified antiHebbian rule has the form: Fig. 2 . Psychometric functions before and after adaptation for JB. The probability of the subject perceiving the target grating to be of higher contrast than the 50% contrast reference grating (p(h)) is plotted for a range of target contrasts. Points of subjective equality (PSE) with their 95% confidence intervals (CI) for the logistic function fits are reported. (A) Before viewing the adapting movie, the two functions (one for when the reference appears on the left and the other for when the reference is on the right) overlap, indicating that gratings of equal contrast on the left and right are perceptually matched. (B) After adaptation though, the central grating on the side where the correlations occurred (left) in the movie appears consistently of lower contrast than a grating of the same contrast on the other side. This indicates an increase in the suppressive influence of the surround on the correlated side. Fig. 3 . Summary of results for all three observers. Contrast values required to perceptually match the 50% contrast reference (PSEs) for all three observers before and after viewing the adapting movie. All subjects display a decrease in the perceived relative contrast of the grating on the side where the correlations occurred during the movie and an increase on the side where there were no correlations. For each observer is recorded the total relative percentage decrease in the PSE for the grating on the correlated side (see text).
where g is a small number controlling the learning rate and ffiffi ffi a p represents the average activity of the output units, which is chosen by the network supervisor. This is the rule used in FoldiakÕs (Foldiak, 1990) sparse coding network and more recently in a continuous version of the same network (Falconbridge, Stamps, & Badcock, in press) .
Note that the perceptual changes came without observers needing to pay any attention to the relationship between the central and surrounding patterns. Thus, the adaptation effects documented here may be categorised as implicit (Berry & Dienes, 1993 , 1993 . The effect may be further classed as a type of task irrelevant learning (reviewed by Seitz & Watanabe, 2005) , although, given the timescale of the changes it is not clear whether the effect qualifies as an example of learning (normally considered long term) even though it is postulated to be the result of synaptic changes.
Possible mechanisms for the proposed learning
Anatomical studies reveal that inhibitory interneurons account for 20-30% of the total neural population in neocortex and that they often form links between pyramidal cells (Thomson & Deuchars, 1997) . These could carry the inhibitory signals proposed in the model. Anti-Hebbian learning between the modelÕs output units becomes Hebbian learning at the pyramidal/inhibitory interneuron synapses. There is emerging evidence that Hebbian mechanisms similar to those responsible for long term potentiation in hippocampus (e.g., Brown, Kairiss, & Keenan, 1990) actually underly the plasticity exhibited by both infant and adult visual systems (see Edeline, 1999; Katz & Shatz, 1996 for reviews).
Conclusions
Our experimental results support the notion of a highly adaptive visual system that exploits regularities in the input to process images more efficiently. We have demonstrated that unattended, novel correlations in an observerÕs visual input are quickly incorporated and express themselves in an altered perception of visual inputs. In our experiment, the suppressive influence of a high contrast surrounding grating on the perceived contrast of a central grating was increased by observers viewing a movie in which the log of the contrasts of the centre/surround pair were highly correlated. To the knowledge of the authors, this is the first time such an adaptive response to correlations in a series of images has been reported. The results support an adaptive mechanism that increases the independence of local neural responses by removing correlations amongst them, achieved by anti-Hebbian learning on proposed connections between these neurons. It is postulated that the mechanism might be implemented biologically by simple Hebbian learning on pyramidal/inhibitory interneuron connections.
